O besity is associated with adverse reproductive outcomes, including menstrual dysfunction, anovulation, infertility, miscarriage, and pregnancy complications (1, 2) . As obesity is common in women of reproductive age, with 38.3% of women older than 20 years classified as obese (1) , the implications of reproductive dysfunction are a major problem facing society. In addition, assisted reproduction is less effective in overweight and obese women, with lower pregnancy and live birth rates, as well as increased incidence of pregnancy loss (2) (3) (4) . Therefore, many assisted reproduction clinics use body mass index (BMI) cutoffs for treatment, with an average cutoff of 38.4 kg/m 2 (5) .
Obesity has numerous causes and is multifactorial, yet many suffer from diet-induced obesity (DIO), in which a chronic positive energy balance leads to excess adiposity. Although overconsumption of any macronutrient can lead to excessive adiposity, diets high in fat are of interest. The definition of a high-fat diet (HFD) in humans varies from as low as 30% to as high as 75% of caloric intake (6, (7) (8) (9) (10) (11) (12) (13) . Most American women consume an HFD as the average fat intake is approximately 35% of caloric intake (14) , whereas it is recommended to consume between 20% and 35% of calories as dietary fat (15) . An HFD in the context of overnutrition leads to increased lipid deposition in both adipose and nonadipose tissues (16) . When the capacity of nonadipose tissues for lipid storage is met, lipotoxicity results, cellular function suffers, and cell death occurs (17) . The relationship between high dietary fat intake and female reproductive dysfunction warrants exploration of how an HFD alters female reproductive function. Few studies have been performed in humans examining the impact of administering a diet with differing fat contents on reproductive health (18, 19) . Much of the work to further elucidate the mechanisms behind altered reproductive function in females has been conducted in animal models of DIO. These studies have multiple methodological differences that may confound the data and limit the conclusions that can currently be drawn. The length of HFD exposure, percent fat in both the HFD and the control diet, and types of fats in the diets (both within HFDs and between HFDs and controls) vary widely. These differences alter the type of HFD exposure and thus may alter the reproductive function and/or response. As the manipulation of dietary components other than fat will differentially affect fertility, studies only manipulating the dietary fat content were considered when writing this review. The purpose of this review is to discuss effects of an HFD on reproductive function in females, with a specific focus on ovarian dysfunction.
Impaired Hypothalamic-Pituitary-Ovarian Axis Function After HFD Exposure
Estrous cycle and fertility rates An HFD has been shown to negatively affect the estrous cycle with a high incidence of anovulation (16, (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Interestingly, when the insulin receptor was knocked out in the theca interstitial cells of the ovary (24) or in gonadotropin-releasing hormone (GnRH) neurons (28) , mice were protected from the HFD-induced impaired estrous cycle. As the tissues of the hypothalamicpituitary-ovarian (HPO) axis have been shown to remain insulin sensitive when insulin resistance develops systemically with HFD feeding (25, 28, 31) , it is likely that overstimulation of insulin signaling in the ovary and hypothalamus is involved. This protection of estrous cycle dysfunction was also observed when proliferatoractivated receptor g (PPARg) was knocked out in the brain of mice exposed to an HFD (21), suggesting alteration in PPARg's actions is also involved. Further speculation on the role of insulin signaling and PPARg's actions is discussed later in the review.
In addition to altered estrous cycle, fertility rates are also decreased with an HFD (24, 25, 28, (32) (33) (34) (35) . In mice that had regular estrous cycles after HFD exposure, there were no differences in fertility rates, but the animals had fewer ovulated oocytes and fewer pups per litter (36) . The impaired fertility outcomes appear to be worse when the obese phenotype is present in addition to the HFD exposure (33) .
HFD and HPO axis changes
The effect of an HFD on serum luteinizing hormone (LH) levels is unclear. Some studies report decreases (23) , some show no change (21, 27) , and most indicate increases (24, 25, 28, 37) in LH levels. One study showed that LH levels were only increased in rats fed an HFD diet for 120 days and not 180 days (26) , suggesting the increase may be transient and eliminated after longer exposure. As there may be a transient effect on LH, perhaps the differences observed stem from different lengths of HFD feeding (ranging from 7 days to 24 weeks) or differences in fat content in HFDs (ranging from 30% to 60% of calories) and control diets (ranging from 2% to 18% of calories or not reported). When the insulin receptor was knocked out in either the pituitary or GnRH neurons in mouse models, LH levels following HFD exposure were completely or partially returned to that of the controls, respectively (25, 28) , suggesting that increased insulin signaling in the pituitary or hypothalamus may be involved in the increased LH levels. There is no effect on follicle-stimulating hormone (FSH) levels following HFD exposure (21, (25) (26) (27) (28) 36) . Other related hormones have not been as readily assessed. Progesterone levels have been shown to increase after HFD exposure in one study (26) and have no change in another (27) . Based on the current evidence, it appears that there are increased LH levels following an HFD, yet other hormones appear to be unaffected.
Ovarian morphology and function
Several studies have examined the impact of an HFD on follicular development in the ovary. In general, there is a decrease in primordial follicles after exposure to an HFD (20, 33, 38) , but one study did not observe any change (21) . Exposure to an HFD has been found to increase follicular atresia (20, 36, 39) . The effect on primary, secondary, and antral follicles and corpora lutea is not as clear, with some studies observing an increase (20, 38) , some no change (21, 22, 33) , and others a decrease (21, 23-25, 34, 36) in the different follicle pools. There are several plausible explanations as to why the changes in follicle counts are not uniform across studies. First, there is a wide range in fat content of the HFDs and control diets, ranging from 45% to 60.9% and 4.8% to 18% fat, respectively. Second, the length of HFD exposure varies widely across studies, ranging from 4 to 24 weeks. Third, methodological differences in counting may confound the data, with some studies counting follicles in every fifth ovarian section to some only counting one representative section. Finally, speciesspecific differences may be involved in the different follicle counts as both rats and mice (as well as several substrains of mice) have been used to assess HFD impact of follicle development. Furthermore, several studies use various knockout (KO) mice (21, 24, 25) , in which their changes in follicle numbers may be due to genetic differences in the animal and not the HFD. Granulosa cell function appears to be normal as anti-Müllerian hormone levels, an indirect measure of their function, are unaltered with HFD exposure (33) . Although the exact changes in follicular development in HFD studies are inconclusive, it is clear that folliculogenesis is altered with HFD exposure as nearly all studies see alterations in at least one follicular pool (20, 21, 23-25, 33, 34, 36, 38, 39) . Likely there is a depletion in the primordial follicle pool and increased follicular atresia following HFD exposure. These changes can potentially shorten the reproductive life span of the female, resulting in premature ovarian insufficiency with HFD exposure, as once the primordial follicle reserve is depleted, so is the reproductive capacity of the female (20, (40) (41) (42) (43) (44) .
Increased lipid levels in the ovary have also been observed in response to an HFD. Wistar rats maintained on a 59% HFD for 180 days had increased lipid droplets in the ovary (26) . Increased lipid content and abnormal accumulation patterns were observed in the germinal vesicle oocytes after a 60% HFD for 6 weeks in C57BL/6J mice (45) . In addition, lipid accumulation increased in both the cumulus cells and oocytes from CBA mice that were fed a 40% HFD for 4 weeks (16) . In these mice, the increased lipid content in the cumulus cells and oocytes was associated with increased lipotoxicity [increased markers of endoplasm reticulum (ER) stress, decreased mitochondrial membrane potential, and increased apoptosis] and increased rates of anovulation (16) . In those animals that did ovulate, fewer oocytes were fertilized than in the controls (16) . Markers of ER stress in human follicular fluid were shown to be positively correlated with BMI in women, suggesting dietary fat may drive this increase in humans as well (16) . Furthermore, mouse oocytes matured in human follicular fluid with high lipid content had elevated levels of lipids, markers of ER stress, and slower maturation to metaphase II compared with those matured in low lipid concentrations (46) , implying the elevated lipid content is driving these changes. Although little work has been conducted in humans examining oocyte lipid accumulation, several studies provide evidence that elevated lipid content does affect oocyte quality. One study with over 43,000 assisted reproduction cases found that increasing obesity was associated with an increase in failure to achieve pregnancy only when autologous oocytes were used, not with donor oocytes (47) , suggesting obesity impairs oocyte quality, perhaps in relation to elevated lipid content. Supporting the role of elevated lipids, others have observed associations with lipid content in the follicular fluid of women undergoing assisted reproduction and poor cumulus oocyte complex morphology or oocyte quality (48, 49) . There is also evidence that increasing BMI is associated with increasing triglycerides in the follicular fluid (50) , and in a human granulosa cell line, treatment with saturated fatty acids induced apoptosis (51) . It is important to consider that different species have been shown to have different lipid contents in their oocytes (52) (53) (54) , and thus the threshold for lipid accumulation is likely different in different species. However, it appears that excess lipid exposure above certain threshold impairs oocyte quality.
Alterations in ovarian steroid production have been observed after HFD exposure. Aromatase messenger RNA expression in the ovary is downregulated after HFD feeding (21, 36) . Along with decreases in aromatase expression, decreased serum estradiol levels have been observed in some studies (23, 36) but not others (21, 24, 26, 27, (55) (56) (57) .
HFD, inflammation, and HPO dysfunction
Obesity is associated with a chronic low-grade inflammatory state that is involved in the development of associated metabolic complications (58) (59) (60) . Few studies have examined ovarian inflammation after an HFD, but all of these have observed increased inflammation as a result (26, 33, 55) .
C57BL/6J mice fed a 60% HFD had increased macrophage presence in their ovaries after both 10 and 32 weeks (33) . Interestingly, macrophage infiltration in the ovary was increased regardless of whether the animal became obese (33) . Not only were there signs of increased inflammation in the ovary, but there were also increased systemic proinflammatory cytokines (33) . The periovarian adipose tissue and the ovaries have been assessed for immune cell infiltration and inflammation in C57BL/ 6J mice exposed to a 60% HFD for 7 months (55). Mice exposed to an HFD had an increased adipocyte size and increased infiltrating immune cells in the periovarian adipose tissue (55) . Their ovaries had increased expression of several inflammatory markers, including Il1b, Il6, Tnfa, Tnfa's receptor genes p55 and p75, Ccl2, Ikbkb, and Rela, and a trend for increased Nos2 and RELA protein (55) . Rats maintained on a 59% HFD for 180 days had elevated protein levels of both IL1B and TNFa in their ovaries compared with rats maintained on an 11% fat diet (26) . Earlier in this HFD exposure, at 120 days, the levels of these inflammatory proteins were not increased in the ovary, suggesting that it takes a longer exposure to the HFD to see elevation of these inflammatory markers in the rat ovary (26) . It is likely that the increased inflammatory state of the ovary and its surrounding tissue is involved in the development of impaired ovarian function.
Potential Mechanisms for Reproductive Dysfunction After HFD
Maintained insulin signaling in the ovary and pituitary in the face of systemic insulin resistance
The chronic consumption of an HFD leads to the development of obesity and metabolic complications, including insulin resistance in liver and muscle. Many animal studies assessing the reproductive impact of an HFD observed increased serum insulin levels (24-26, 28, 31, 34, 35, 61), elevated blood glucose levels (24-26, 33-35, 45, 56), and systemically impaired insulin sensitivity (24-26, 28, 31, 45, 61) . However, the tissues of the HPO axis appear to have a different threshold for insulin signaling than liver and muscle (31) . Intriguingly, it appears that insulin signaling in the ovary and pituitary stimulates only the phosphoinositide 3-kinase (PI3K) pathway and not extracellular signal-related kinase (31) . There is evidence that the ovaries and pituitary remain insulin sensitive following an HFD while systemic insulin resistance develops (25, 31) . Thus, it is possible that the elevated serum insulin levels observed after HFD exposure are constantly stimulating the insulin pathways in the ovaries and pituitary, leading to reproductive dysfunction.
Insulin is involved in many aspects of female reproductive function, such as ovarian steroidogenesis (with LH), proliferation, gene expression, and central control of reproduction (62) (63) (64) (65) (66) . Several insulin receptor (INSR) KO studies have been conducted in the various tissues of the HPO axis in the context of HFD feeding (24, 25, 28) . When the INSR was knocked out in GnRH neurons (28) , pituitary (25) , or theca interstitial cells of the ovary (24) , the KO mice gained weight with HFD exposure as well as had elevated insulin levels, impaired glucose tolerance (24, 25, 28) , systemic insulin resistance (24, 25) , elevated leptin levels (24, 25, 28) , and increased LH levels (24, 28) similar to HFD wild-type (WT) mice. However, all three of the INSR KO models had partially restored fertility, with levels intermediate between the controls and the WT HFD mice (24, 25, 28) . In the GnRH INSR KO mice fed an HFD, GnRH pulse amplitude was similar to the controls but increased in the WT HFD mice (28) . The WT HFD mice had elevated LH levels that were partially restored in the KO HFD mice, implying that the altered GnRH pulse amplitude, possibly due to elevated insulin signaling in GnRH neurons, leads to increased LH levels in HFD exposure, which may be involved in the resulting impaired fertility (28) . These three INSR KO studies provide convincing evidence that elevated insulin signaling in the HPO axis after HFD exposure is involved in the impaired fertility that is observed in WT mice. However, it is unlikely insulin signaling is the only factor involved as fertility was only partially restored, and other studies do not see the development of insulin resistance but still see altered reproductive function (27, 30, 55, 67) . For example, when DBA/2J and C57BL/6J mice were fed a 45% HFD for 23 weeks, the DBA/2J mice, which became obese, only had minor insulin resistance, whereas the C57BL/6J mice, which did not become obese, had more severe insulin resistance (34) . Interestingly, only the DBA/2J mice had impaired fertility and elevated leptin levels (34) , suggesting the impaired fertility is related to elevated leptin, not insulin. Yet the cumulative effect of knocking out the insulin receptor across all tissues of the HPO axis has yet to be done simultaneously, and thus the combined effect is currently unknown.
Nevertheless, other studies have not reported altered insulin levels and/or glucose levels in response to an HFD (27, 30, 55, 67) , and still others have observed the development of insulin resistance in the ovaries after an HFD (26, 61) . There may be species-specific differences in ovarian insulin sensitivity, as Akamine et al. (26) observed insulin resistance developing in the ovaries of rats after a 59% HFD for 180 days, whereas other studies showing the maintenance of insulin sensitivity in the ovary have been conducted in mice (24, 25, 28, 31) . Purcell et al. (61) examined insulin-mediated glucose uptake in the cumulus cells and oocytes from mice fed a 58% fat diet in an ex vivo culture system and observed insulin-stimulated glucose uptake was greatly reduced. However, the other studies did not assess insulinmediated glucose uptake, instead focusing on downstream insulin signaling (25, 31) . As insulin signaling has many targets (68), perhaps a resistance does develop to insulin-mediated glucose uptake, but other signaling pathways of insulin are active. As 5-aminoimidazole-4-carboxamide ribonucleotide, an insulin sensitizer that increases GLUT4 translocation, did not have an effect on HFD-related infertility (30), this seems plausible.
Yet, it appears that other activators of the insulin signaling cascade may be involved, as C57BL/6J mice exposed to a 60% HFD had decreased INSR and IRS1 in the ovary, yet there were signs of activation downstream in the insulin signaling cascade (56) . Kit ligand (Kitlg) expression, another activator of the PI3K pathway, was increased in the ovary, suggesting that KITLG is activating this pathway in the ovaries of HFD-fed mice (56) . The insulin receptor KO studies clearly identify a role of insulin signaling. There is evidence that both KITLG and insulin are activating PI3K signaling in obesity (69) , and thus the combined activation is likely occurring in response to an HFD.
Increased PI3K signaling may be involved in the increased activation of primordial follicles that is seen with HFD exposure (20, 33, 38) , as PI3K signaling is involved in primordial follicle activation (70) (71) (72) , and ovarian KITLG is involved in the regulation of folliculogenesis (73, 74) . Leptin is also elevated after an HFD (21, 23-25, 31, 33, 34, 36, 37) and activates PI3K signaling (65) and thus may also be contributing to its activation. Furthermore, insulin and KITLG have been shown to have an additive effect, increasing follicle activation in cultured rat ovaries (75) , and excess stimulation of the PI3K-AKTFoxo3 signaling pathway has been shown to increase the rate of primordial follicle activation (76) (77) (78) . Likely, this combined activation is occurring in HFD exposure, leading to the depletion of the primordial follicle pool and increased follicular atresia that are observed with HFD feeding (20, 33, 36, 38, 39) .
PPARg signaling
PPARg is a member of the nuclear receptor superfamily and binds to peroxisome proliferator response elements as a heterodimer, with the retinoid X receptors controlling the expression of genes involved in a variety of metabolic processes, including lipid metabolism and insulin sensitivity (79) (80) (81) 30) . Only one of the drugs, rosiglitazone, had a positive impact on reproductive function, improving days to plug, anovulation rates, and ovulation rates (30) . Rosiglitazone is a PPARg agonist (30, 83) , forming a complex with PPARg that then binds to peroxisome proliferator response elements and alters transcription of genes involved in glucose metabolism, lipid metabolism, and immune function (83, 84) , resulting in improved insulin sensitivity. The improved reproductive function with rosiglitazone treatment suggests there is dysfunction of PPARg signaling related to reproductive function with HFD exposure, which may be linked to alterations in insulin signaling.
The role of PPARg in HFD-induced subfertility has been assessed by knocking out PPARg in the brain and placing KO and WT mice on a 60% HFD (21) . The HFD WT and KO mice gained weight, had elevated leptin levels, and had a decreased number of primary and secondary follicles. However, the KO mice were protected from leptin resistance, impaired estrous cycles, and decreased ovarian aromatase expression that was observed in the WT HFD mice (21) . These data suggest a role of neuronal PPARg signaling in HFD reproductive dysfunction (21) . As fatty acids are inducers of the PPARs (85-87), it is plausible that the elevated dietary fat content is altering PPARg gene regulation, which is then corrected by knocking it out in the brain or through rosiglitazone treatment. HFD-fed mice with the PPARg KO had elevated leptin levels but were protected from leptin resistance, suggesting that leptin resistance may be involved (21) .
Elevated leptin
Elevated leptin levels are commonly seen after HFD exposure (21, 23-25, 31, 33, 34, 36, 37) and may be involved in the resulting reproductive dysfunction. DBA/ 2J mice exposed to a 45% HFD had higher rates of anovulation and lower pregnancy rates associated with a central defect. The animals were found to have a decreased expression of GnRH and LEPR-B, increased expression of neuropeptide Y (NPY), and elevated serum leptin levels in the hypothalamus (34) . Under physiologic conditions, leptin suppresses hypothalamic NPY levels (88, 89) and NPY inhibits GnRH pulsatility, and it is likely that the elevated leptin levels from the HFD exposure lead to increased NPY activity in the hypothalamus, subsequently altering GnRH pulsatility (34) . Insulin and leptin signaling meet at the levels of PI3K activation (65), so perhaps they work together to exert the dysfunction. However, this proposed mechanism has been assessed in only one strain of mice, and therefore implications to other strains and species may be limited.
Data from the leptin-deficient or leptin receptordeficient female mice suggest that it is the leptin resistance, not necessarily the obesity, that is involved in the development of infertility in these mice (89) (90) (91) (92) (93) . Specifically, leptin resistance in the agouti-related peptide neurons of the arcuate nucleus, as seen in leptin receptor knockout specific to these neurons, is involved in the development of infertility (90) . Leptin administration to leptin-deficient mice restores fertility, whereas weight loss does not (89) , suggesting the development of leptin resistance or impaired leptin signaling is central to infertility.
A more direct effect of leptin signaling was observed in normally cycling C57BL/6J mice on a 60% HFD (36) . An HFD exposure led to increased body weight, leptin levels, and atretic follicles, as well as decreased antral follicles, aromatase expression, and estradiol levels. HFD mice were subfertile with smaller litter sizes and fewer ovulated oocytes than the controls (36) . Furthermore, the elevated leptin levels increased cocaine-and amphetamineregulated transcript expression through the leptin receptor in the ovary, which then suppressed aromatase expression and thus estradiol levels (36) . It appears that the cocaine-and amphetamine-regulated transcriptmediated suppression of aromatase is through a general suppression of intracellular cyclic adenosine monophosphate levels and decreased mitogen-activated protein kinase 3/1 activation, but this suppression is not specific to FSH-regulated aromatase expression (36) .
Thus, leptin appears to play a role both centrally and peripherally in the reproductive dysfunction observed in HFD-induced obesity.
Ovarian mitochondrial dysfunction
Disturbances in ovarian mitochondrial function, related to lipotoxicity, are likely involved in reproductive dysfunction. Mitochondria are maternally inherited, and their appropriate quality and quantity in the oocyte are needed for proper fertilization and development (94, 95) . Increased lipid content in the ovary after an HFD has been observed (16, 26, 45) and leads to lipotoxicity (ER stress, mitochondrial dysfunction, and apoptosis) (16) and reproductive dysfunction (16, 26) . Furthermore, when Chinese hamster ovary cells are exposed to excess palmitate, they display mitochondrial dysfunction, a sign of lipotoxicity (96) .
Other studies supporting this theory exist in different models of obesity. In a genetic mouse model, obese females have elevated lipid levels and ER stress in their cumulus oocyte complexes and reduced mitochondrial membrane potential in ovulated oocytes (97) . C57BL/6J mice fed a diet with 20% lard and sweetened condensed milk had increased mitochondrial membrane potential and reactive oxygen species production in both oocytes and zygotes, altered mitochondrial distribution, and increased mitochondrial DNA copy number in the oocytes (95) . These changes in oocyte and zygote mitochondria were accompanied by reduced ability to develop into blastocysts (95) . In ICR mice fed a 59% fat and 17% sucrose diet, both the cumulus cells and oocytes had increased mitochondrial stress and mitochondrial DNA copy numbers (98) . C57BL/6J mice fed the same diet had increased lipid levels in the oocyte, altered mitochondrial distribution and structure, and impaired mitochondrial function (99, 100) . Furthermore, these mitochondrial defects (abnormal morphology, increased presence of lipid droplets, and impaired mitochondrial metabolism) induced by an HFD appear to be carried into both skeletal muscle and oocytes of future generations never exposed to an HFD (101) . The F1, F2, and F3 mice never exposed to an HFD had not only impaired mitochondrial function but also impaired insulin resistance (101) , suggesting what the mother consumes can affect the metabolic outcomes both physiologically and of the germ line for subsequent generations, potentiating the impaired metabolic phenotype, regardless of the consumption of a normal balanced diet.
Thus, increased ovarian lipid leading to mitochondrial dysfunction is likely involved in HFD reproductive dysfunction.
Ovarian kisspeptins
The Kiss1 system is critical for regulation of GnRH neurons (102) , and there is some evidence that Kiss1 may also be important in the ovary (29, (103) (104) (105) . Rats maintained on a 40% HFD from weaning had reduced levels of Kiss1 in the ovaries during proestrus and estrus (29) . In rats on a standard diet, it has been shown that Kiss1 in the ovaries peak in the afternoon of proestrus (106) , so the reduction in Kiss1 on the HFD could play a role in the impaired cycling observed in the HFD rats in this study (29) . Yet LH levels were not assessed and the preovulatory LH surge has been shown to be responsible for the increase in Kiss1 in the ovary on the afternoon of proestrus (106) . Another study examining Kiss1 and Kiss1r expression in the ovary in C57BL/6J mice on a 60% HFD found no change in expression (107) . Thus, the kisspeptin system may be involved, but based on the current evidence, its changes are likely driven by other alterations.
Based on the current evidence, there is also a strong case for the role of insulin, PPARg, and leptin being altered with HFD exposure at multiple levels of the HPO axis and is involved in the resulting reproductive dysfunction (Fig. 1) . It is likely a combined effect of these pathways, possibly converging at PI3K activation, as well as others that have yet to be identified.
Is it the HFD or Obesity That Leads to Reproductive Dysfunction?
High dietary fat intake, even without the obese phenotype, is likely to induce metabolic and reproductive dysfunction. Therefore, it is important to consider that HFD exposure alone can result in impaired fertility even in lean individuals. Several studies examining an HFD and female reproductive function are able to shed light on this issue.
In one study, C57BL/6J mice were placed on a 60% HFD for 32 weeks followed by a 5-month breeding trial. Only some of the animals on the HFD gained weight and were considered obese, whereas other mice remained the same weight as the control mice (33) . When fertility and ovarian function were assessed, subfertility and impaired ovarian function (depleted ovarian reserve, increased markers of inflammation) were seen in both groups of mice exposed to the HFD, regardless of the obese phenotype, suggesting that it is the dietary fat, not obesity, driving reproductive dysfunction (33) . In another study, BALB/c mice were exposed to a 60.9% HFD but after 12 weeks did not weigh more than the controls (38) . Although the HFD-fed mice were not obese, they displayed changes in follicle counts suggesting impaired folliculogenesis, had a slower maturation rate of germinal vesicle oocytes, and had lower numbers of metaphase II oocytes than the control mice (38) . Finally, CBA mice that were exposed to a 40% HFD for 4 weeks only weighed 2 g more than the control mice but had impaired oocyte quality, increased lipid accumulation in the cumulus cells and oocytes, and impaired ovulation and fertilization (16) . Collectively, these data suggest that it is the high dietary fat exposure, not obesity, that drives impaired HPO function.
However, other studies suggest that the development of obesity from the HFD drives reproductive dysfunction. When two strains of mice were fed a 45% HFD, only the DBA/2J mice developed obesity and impaired fertility (as assessed by pregnancy rate), whereas the C57BL/6J mice did not become obese and had pregnancy rates similar to their controls (34) . Yet, the lower fat content of this HFD may not have been enough to see differences between the HFD and control mice as other studies that did see impaired fertility in C57BL/6J mice used a 60% HFD (33, 36, 39, 45, 55, 56, 107) . Furthermore, DBA/2J mice have been shown to have lower levels of kiss1 in their arcuate nucleus and rostral periventricular region of the third ventricle than C57BL/6J mice, which becomes more pronounced with high-fat, high-sucrose exposure (108) . As the kiss1 system is important in the regulation of GnRH neurons (102) , this inherent difference between the strains may also explain the differences in fertility outcomes. National Institutes of Health Swiss mice fed a 60% HFD for 12 weeks followed by breeding trials were separated into two groups based on their fertility status (35) . The HFD-fed mice that were fertile weighed less than those that were infertile but still weighed ;34% more than the control mice (35) . Outbred National Institutes of Health Swiss mice were used in this study because they are more similar to the genetic diversity present in human populations. Thus, it is plausible that the differences in fertility outcomes with the HFD were primarily due to genetic differences and not adiposity. These data collectively suggest that perhaps more of the increased adiposity in response to the HFD is involved in reproductive dysfunction, yet the limitations to these studies constrain the weight of this evidence.
When both diet-resistant (DR) rats and those susceptible to DIO were exposed to a 45% fat diet for 6 weeks, the DIO rats weighed more than the chow-fed controls, but the DR did not (23) . The HFD decreased the number of rats having regular estrous cycles and suppressed the LH surge in both groups, yet the effect was more pronounced in the DIO animals (23) . The DR and DIO mice have been created through selective breeding (23) , and thus innate differences in these strains may be driving the observed difference instead of increased adiposity. However, it does appear that there is an impact of HFD on HPO axis functionality, but it becomes more exaggerated with the addition of obesity.
When considering if it is the dietary fat exposure or the obese phenotype, it is worthwhile to consider if the detrimental effects of the HFD on reproductive function can be reversed once the HFD is removed. This was examined in C57BL/6J mice, which, after 6 weeks of a 60% HFD, were switched back to the control diet (13% fat) for 8 weeks (45) . The abnormal oocyte lipid accumulation observed after the 6-week HFD was not reversed. Oocyte quality was also diminished compared with the control mice (45) . Interestingly, after the diet reversal, the metabolic disturbances, including increased body weight, that were observed after 6 weeks on the HFD were returned to that of the controls (45) . These data suggest that there is sustained harm to the ovary, and it is likely that the HPO axis from the HFD (or its induced obesity) may be impossible to reverse.
Implications for Humans
Few studies have been conducted in humans focusing solely on dietary fat intake and reproductive dysfunction. Based on the limited research, it does appear that an increased dietary fat intake is associated with altered reproductive function.
In a controlled feeding study, a small group of healthy premenopausal women was fed a 40% fat diet for four menstrual cycles, followed by a 20% fat diet for four menstrual cycles (19) . When the women were on the lower fat diet, they tended to have longer menstrual cycles than when on the HFD (19) . Another controlled feeding study switched a small cohort of South African women to a Western-style diet by introducing meat into their diet to raise their typical fat intake from 30% to 35% (while all other aspects of their diet remained the same) for 2 months (18). This intervention resulted in increased FSH levels, decreased estradiol levels, and increased length of the follicular phase of their cycle (18) . Although limited conclusions can be drawn from these studies as they had small sample sizes and limited data, they provide some evidence that changing the amount or type of dietary fat (from plant to animal derived) has an impact on the menstrual cycle in women. As one main difference between animal and plant fat is that animal fats are typically higher in saturated fat, changes in the type of fat in the diet may be specifically involved.
In prospective studies, the negative impact of dietary fat intake has been less clear. It is important to consider that with self-reported dietary intake data, especially with "unhealthy" dietary components, large errors in selfreporting, specifically underreporting of data, may be confounding these studies.
One prospective study examined dietary fat intake, as reported by food frequency questionnaires, and reproductive hormone concentrations in 259 regularly menstruating women (109) . Positive associations between testosterone levels and total fat intake and polyunsaturated fatty acid intake were identified when these fat components were substituted for either total energy or carbohydrates (109) . There were no associations identified with any measure of dietary fat intake and sporadic anovulation, but few cases were observed, and likely this study was underpowered to detect these associations (109) . Another study examined follicular fluid and embryos obtained from 236 women undergoing assisted reproduction and looked for associations between the oxidative stress in the follicular fluid, embryo development, and dietary fat intake (as determined by food frequency questionnaires) (110) . For the markers of oxidative stress, malondialdehyde and total antioxidant capacity, only the intake of polyunsaturated fatty acids was positively associated with malondialdehyde levels (110) . In addition, the oocyte maturation rate was positively associated with total antioxidant capacity levels, and the percentage of nonfragmented embryos was negatively associated with calories from fat and total fat intake (110) . A large prospective study of the Nurse Health Study II cohort examined the association between dietary fat intake and ovulatory infertility over a 9-year period in 18,555 premenopausal women with no history of infertility (111) . This study did identify a few weak associations but observed only 438 cases of ovulatory infertility in the 9-year period and was likely underpowered. In energy-and age-adjusted models, the authors found that total fat, saturated fat, and monounsaturated fat intakes were inversely associated with the risk of ovulatory infertility but no longer were significant when a variety of potentially confounding variables were added into multivariate models (111) . In 240 infertile women, total fat intake was positively associated with the number of retrieved oocytes and inversely associated with high embryo quality (112) .
Further speculation of an HFD and its implications for humans can be derived from the polycystic ovary syndrome (PCOS) literature. PCOS is the most common endocrine disorder in women (109, 110) , and there is an increased prevalence of obesity and central adiposity in women with PCOS (111) . Women with PCOS are subfertile, anovulatory, and hyperandrogenemic; have increased miscarriage rates; and have a dysfunctional endometrium, which are made worse in the presence of excessive adiposity (109, 111) . Although there is a worsening of PCOS with increased adiposity, the role of dietary fat intake is less clear, with some studies showing women with PCOS consuming higher amounts of fat (113) (114) (115) , lower amounts of fat (116) , or the same amount as controls (117) (118) (119) . Although the intake of dietary fat in this population is unsettled, feeding women with PCOS either a high-fat or low-fat meal decreased testosterone levels. However, they remained lower 2 hours longer after the high-fat meal (120) , suggesting dietary fat intake may affect steroidogenesis in these women. Although direct speculation of the role of dietary fat in this population on reproductive outcomes is lacking, clearly the elevated adiposity is involved in the pathogenesis of PCOS, again suggesting a link between dietary fat and female reproductive function.
Although limited data exist from human studies, it does appear that the amount of fat in the diet is associated with changes in reproductive function, including altered menstrual cycle length, changes in reproductive hormone levels, and embryo quality in assisted reproductive technology cycles. These changes are likely to affect female fertility and warrant further experimental exploration. Although some of the studies suggest a positive correlation between dietary fat intake and fertility, the correlation is weak, and more studies assessing total caloric intake and type of consumed fat are needed.
Summary and Conclusions
An HFD impairs female reproductive function, both with and without obesity; yet, when the obese phenotype is present, the effect is worsened. An HFD likely increases insulin and leptin signaling in the HPO axis, leading to increased PI3K activity. PPARg activity is also involved both centrally (Fig. 1) and peripherally (Fig. 2) after HFD exposure. More research is needed to further determine the mechanisms by which an HFD leads to female reproductive dysfunction.
